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Gravity Sector of the SME
Q.G. Bailey
Physics Department, Embry-Riddle Aeronautical University
3700 Willow Creek Road, Prescott, AZ 86301, USA
In this talk, the gravity sector of the effective field theory description of local Lorentz violation is discussed, including minimal and nonminimal curvature couplings. Also, recent experimental and observational analyses including
solar-system ephemeris and short-range gravity tests are reviewed.

1. Introduction
A comprehensive and highly successful description of nature is provided by
General Relativity and the Standard Model of particle physics. However,
at the Planck energy scale it is widely believed that an underlying unified
description exists that contains both theories as limiting cases. A compelling and predictive unified theory remains largely unknown to date and
experimental clues about such an underlying theory remain scarce since
direct measurements at the Planck scale are infeasible.
The idea to study suppressed effects that might arise from an underlying
unified theory is a promising alternative approach. In particular, minuscule violations of local Lorentz symmetry are an intriguing class of signals
that are potentially detectable in modern high-precision experiments. 1,2
The Standard-Model Extension (SME) is a comprehensive effective field
theory framework that describes the observable signals of Lorentz violation. 3 The indexed coefficients for Lorentz violation control the degree of
Lorentz breaking for each type of matter or field in this framework and
they represent the experimentally sought quantities. 4
While much work in the last two decades has involved the flat-spacetime
limit of the SME, recently the activity in the gravitational sector has increased. The gravitational sector of the SME includes both pure-gravity
couplings and matter-gravity couplings. 5,6 In this talk, we focus on the
pure-gravity sector discussing the basic theory and recent analyses.
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2. Framework
In the effective field theory description of local Lorentz violation in the
pure-gravity sector, the Lagrange density includes the Einstein-Hilbert lagrangian LEH and the matter sector lagrangian LM . The Lorentz-violating
term LLV is constructed using coefficient fields contracted with “operators” built from curvature tensors and covariant derivatives with increasing
mass dimension. Including the mass dimension 4 through 6 operators the
lagrangian LLV is given by
LLV =

√
−g
(4)
)αβγδ Rαβγδ + (k (5) )αβγδκ Dκ Rαβγδ
16πG [(k
(6)
(6)
+(k1 )αβγδκλ D(κ Dλ) Rαβγδ + (k2 )αβγδκλµν Rαβγδ Rκλµν ].

(1)

The minimal SME is contained in the d = 4 (k (4) )αβγδ case, which can
be split into a total trace u, a trace sµν , and a traceless piece tκλµν . 7
The mass dimension 5 term involving the coefficients (k (5) )αβγδκ breaks
(6)
CPT symmetry, and the mass dimension 6 terms are controlled by the k1
(6)
and k2 coefficients. This lagrangian is supplemented by a term Lk that
contains contributions from the dynamics of the coefficient fields k (4) , k (5) ,
(6)
(6)
k1 , and k2 .
To find effective Einstein equations and equations of motion for matter
particles, phenomenology can proceed by assuming spontaneous Lorentzsymmetry breaking. In this scenario, the coefficient fields acquire nonzero
vacuum expectation values through a dynamical process. For instance,
considering the sµν coefficients, the vacuum expectation values are denoted
sµν . In the analysis so far in the linearized gravity limit, it has been shown
that the fluctuations around the vacuum value can be “decoupled” from the
gravitational fluctuations hµν under mild assumptions, so that the effective
linearized field equations depend only on the vacuum values sµν . Once the
effective linearized field equations are obtained, the post-newtonian metric
can be calculated up to P N O(3) 5,8 and the effects on propagation can be
studied. 9,10
3. Experiment and observation
In the minimal SME limit of the gravity sector, the nine independent coefficients in the traceless sµν control the dominant effects in weak-field gravity.
These can be measured in a variety of post-newtonian tests in laboratories,
the solar system, and beyond. For example, stringent constraints on seven
sµν coefficients have been obtained using data from atom-interferometric
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gravimeters by searching for sidereal day and annual variations in the freefall acceleration of cesium atoms. 11
Some of the main observable effects for orbits include additional secular
changes in keplerian orbital elements. The changes in the orbital elements
depend on different combinations of the coefficients sµν for each orbit due
to orientation dependence, which indicates the breaking of rotational symmetry. In particular, precise measurements and modeling of the secular
changes of the perihelia and longitude of the node for six planets have been
used to improve constraints on eight of the sµν coefficients by using an
analysis of post-fit residuals. 12 These limits reach the 10−8 level on the sT J
coefficients and 10−11 on the sJK coefficients. Analyses of binary pulsar orbits have also been used to place competitive limits on these coefficients. 13
While much analysis has used post-fit residuals, including a 2007 analysis of lunar laser ranging, 14 a more rigorous approach should include the
SME equations of motion directly in the modeling code. This challenging
task has been achieved recently, where the SME coefficients sµν are included
as fit parameters in the analysis of lunar laser ranging data spanning over
40 years. 15 This has resulted in significant improvement of the best “laboratory” limits including parts in 1012 on some components of sJK , rivaled
only by analysis of cosmic rays. 9
(6)
(6)
For the mass dimension 6 coefficients k1 and k2 , among the best
tests are short-range gravity experiments, where the gravitational force
between two masses is precisely studied at the millimeter level and below.
To calculate the observable effects of Lorentz violation in this context, a
description at the level of the modified newtonian potential can be used. 8
For a point mass M , the potential is given by


k(r̂)
GM
1+ 2
,
(2)
U=
r
r
where the anisotropic quantity k(r̂) is given by
k(r̂) = 23 (k eff )jkjk − 9(k eff )jkll r̂j r̂k +

j k l m
15
2 (k eff )jklm r̂ r̂ r̂ r̂ .

(3)

(6)

The effective coefficients (k eff )jklm are linear combinations of (k 1 ) and
(6)

(k 2 ) and the result is valid for ~r 6= 0. 8,16
There are in principle 14 observable a priori independent coefficients in
Eq. (2) and any single experiment is sensitive to eight combinations via the
sidereal day time dependence from the Earth’s rotation. In particular, when
one expresses the laboratory frame coefficients (k eff )jklm in terms of the
standard Sun-centered celestial equatorial frame coefficients (k eff )JKLM ,
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signals up to the fourth harmonic in the Earth’s sidereal frequency appear,
offering a striking signature for Lorentz violation in short-range gravity
tests. Analyses of short-range gravity tests searching for (k eff ) coefficients
have been performed by the IU experiment in Ref. 17 and the HUST collaboration in Ref. 18. Due to the differing locations of these experiments,
the 14 observable coefficients in (k eff )JKLM can be disentangled using data
from both experiments. Such a combined analysis was performed recently
in Ref. 16, with limits at the 10−9 m2 level on these coefficients.
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5. Q.G. Bailey and V.A. Kostelecký, Phys. Rev. D 74, 045001 (2006).
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